Plain Language Summary {#S0001}
======================

Deep sleep, considered the most restorative stage of sleep, decreases with advancing age. This work demonstrates the potential utility of auditory stimulation, not precisely timed to brain wave activity, to increase deep sleep among mid-life adults. Both pink noise (less high-frequency content than white noise) on an "Enhancing" night and sounds without standard pink noise features administered on a "Disruptive" night produced increases in momentary slow-wave brain activity, characteristic of deep sleep. Alerting sounds, such as an IV alarm, were momentarily effective in increasing slow-wave activity, but the all-night proportion of deep sleep (versus a Sham control night) increased only on the Enhancing night. After the Disruptive night, next-day attention performance was impaired (versus Sham) despite preserved sleep duration and momentary increases in slow-wave activity. The current work indicates the potential utility of auditory stimulation presented below the arousal threshold to increase restorative deep sleep without the need for precise timing of sounds to brain waves. Preserving sleep continuity should be a primary consideration if auditory stimulation is utilized to enhance slow-wave activity and deepen sleep.

Introduction {#S0002}
============

Auditory stimulation during sleep can increase the power of delta-frequency electroencephalographic (EEG) activity by either eliciting K-complexes or increasing amplitude in the low-frequency spectral range.[@CIT0001],[@CIT0002] Auditory stimulation administered both in phase with endogenous delta activity ("phase locking" with EEG detection) and without phase locking ("open-loop") enhances slow oscillatory (SO; 0.5--1 Hz) power, while the phase-locked effect on broader delta-frequency power (0.5--4 Hz) is equivocal.[@CIT0003]--[@CIT0006] Whether low-frequency activity is ontogenically or neurochemically similar to that in endogenous non-rapid eye movement (NREM) stage 3 (N3) sleep is not yet elucidated, but evoked SO waves demonstrate similar electrical field topography as those produced endogenously.[@CIT0004]

The non-phase-locked, open-loop approach to auditory stimulation has a translational advantage in ultimate ecological implementation, because of phase locking's EEG requirement. Open-loop stimulation literature is sparse partly because auditory stimulation synchronous with the SO up-state is the more effective elicitor of momentary SO power,[@CIT0004] despite the marginal or suppressive effect of phase-locked stimulation on broader-spectrum delta activity that occurs during deep sleep.[@CIT0003],[@CIT0004] Open-loop stimulation that is supervised and limited to N3 sleep fails to improve word pair memory,[@CIT0006] which was observed in phase-locked studies,[@CIT0004],[@CIT0005] but open-loop stimulation can elicit a modest increase in N3 sleep proportion[@CIT0004],[@CIT0006] in addition to both SO and delta enhancement.[@CIT0006] This N3 and transient power spectral increase is accomplished when open-loop stimulation is constrained to the early sleep period.[@CIT0006] With such open-loop constraints to endogenous deep sleep, and phase-locked constraints to endogenous SO activity, it remains unclear how auditory-induced low-frequency enhancement might improve sleep architecture on the whole where other non-auditory stimulus modalities have been successful.[@CIT0007] The viability of open-loop stimulation in the field is dependent upon not only the magnitude of the effect, however, but also of open-loop's tolerability and ability to preserve sleep quality (eg, to not induce awakenings).

Sleep fragmentation reduces behavioral, physiologic, and perceived restoration by sleep.[@CIT0008] Phase-locked auditory stimulation appears to preserve microarousal frequency,[@CIT0009] but impact on sleep continuity remains unreported for auditory open-loop approaches where sleep disruption is more likely. Sleep architecture (the distribution of sleep stages and wakefulness) appears largely unaffected by auditory intervention,[@CIT0010]--[@CIT0014] excepting one study[@CIT0015] that improved sleep efficiency. However, microarousals (as defined in part by their brevity) do not always lead to neurocortical waking activity of ≥15 sec, and therefore may not lead to increases in wake time even if frequent.[@CIT0016],[@CIT0017]

The ability of a sound to produce sleep disruption varies by pressure level (ie, loudness), threat valence, and sleep stage during presentation.[@CIT0018] Pink noise, timed to coincide with up-states of SO activity, is the only auditory stimulation reported to enhance SOs.[@CIT0003],[@CIT0004],[@CIT0006],[@CIT0014],[@CIT0019] The extent to which environmental or noise pollution effects might differ from those of low-frequency enhancing audio, either momentarily or across a whole night, is unclear.

We aimed to replicate open-loop stimulation's momentary enhancement of both delta- and SO-frequency activity, and to evaluate the specificity of auditory stimulus characteristics, by exploring whether momentary increases in low-frequency activity could be accomplished with a wider variety of stimulation types (including variants of pink noise and ecological sounds that might otherwise be considered noise pollution). We further evaluated supervised, non-phase-locked stimulation's proclivity to disrupt sleep continuity (including microarousals) while pushing the boundaries of N3 enhancement by delivering stimulation throughout NREM stage 2 (N2) and N3. Finally, we evaluated next-day psychomotor vigilance.[@CIT0020],[@CIT0021]

Participants and Methods {#S0003}
========================

Participants {#S0003-S2001}
------------

Participants were recruited through the University's publicly available online research recruitment webpage, with flyers, and using word of mouth. Healthy adults between 35--50 with an auditory pure-tone detection threshold of no greater than 30 decibels sound-pressure level (A-weighted, dBA) were eligible to enroll. Chronic or acute medical conditions requiring use of medication with reasonable likelihood to interfere with sleep or circadian structure (eg, chronobiologic disorders, sleep disorders, diseases of the cardiovascular system, disorders of the respiratory system, disorders of the kidney and urinary tract, infectious diseases, disorders of the gastrointestinal system, disorders of the immune system, disorders of the connective tissue/joints, disorders of the hematopoietic system (including anemia), endocrine and metabolic diseases, neurological disorders, prior brain trauma/injury, and conditions that prevent safely walking without assistance), smoking (within the past year), nocturnal shift work (within the last 6 months), travel more than 3 time zones outside of Eastern (within the last 3 months), or illicit recreational substance use warranted exclusion.

Screening {#S0003-S2002}
---------

All participants provided written informed consent. All procedures were conducted in accordance with the Declaration of Helsinki and the protocol was IRB approved. Initial screening was conducted to evaluate typical participant sleep for a minimum of four nights at home using a sleep diary and wrist actigraphy (Spectrum/Plus, Philips-Respironics, Murrysville, PA) and a pulse oximeter (Nonin Medical, Plymouth, MN). Physical exam and medical history were obtained by a physician or nurse practitioner at follow-up screening. Nocturnal oxygenation fluctuations that resulted in substantial time spent below 88% and ≥5 oxygen fluctuations per hour warranted exclusion, although no participants met these criteria.

Protocol {#S0003-S2003}
--------

For each of the 3 nights before lab admission, participants received instruction to sleep for 8 hrs or their average sleep duration, whichever was longer (corroborated by actigraphy) and refrained from caffeine and alcohol. No data were excluded for non-adherence. Details about habitual, pre-inpatient, and inpatient sleep measured by actigraphy are in [[Supplementary Table S1](http://www.dovepress.com/get_supplementary_file.php?f=243204.pdf)]{.ul}.

Participants reported to the Clinical Research Center at the Pennsylvania State University main campus. No participants were excluded on the basis of urine toxicology, provided on arrival. Participants were instrumented with polysomnography monitoring equipment (PSG; TrackIt MK3, v.2.8.0.8, Lifelines Neurodiagnostic Systems Inc., Nr. Stockbridge, UK; Polysmith, v.10.0 build 7422 and 7956, Neurotronics Inc. - Nihon-Kohden America, Irvine, CA). The AASM-compliant[@CIT0016],[@CIT0017] PSG-EEG montage included exploratory electrode sites F3/4, C3/4, O1/2, and reference electrode sites M1/2 and Cz. A ground electrode at FPz, 2-lead EKG, bilateral anterior tibialis EMG, right and left EOG, 3-lead (2 bilateral exploratory/1 reference) mentalis/sub-mentalis EMG, and an additional Fz exploratory electrode were also included. Data were sampled at a rate of 200 Hz, with impedances, display sensitivity, and frequency filters consistent with clinical recommendations[@CIT0016],[@CIT0017] (7µV/mm EEG and 10µV/mm EMG; .03 Hz HPF and 35 Hz LPF on EEG/EOG channels, and 10 Hz HPF and 100 Hz LPF on EMG channels). Earbuds were connected to an iPhone ([[Supplementary Figure S1](http://www.dovepress.com/get_supplementary_file.php?f=243204.pdf)]{.ul}) with audio controlled by staff outside the participant's sound-attenuated, light-restricted room. Between arrival in the laboratory and scheduled bedtime (22:30--23:30), participants completed cognitive assessments. Participants were scheduled for 9 hrs sleep opportunity each night. Outside of the scheduled sleep opportunity, participants were not permitted to nap, sit, or recline in bed.

A temporally-aligned auxiliary stimulus channel was included in the PSG montage to record and display, in real time, stimulus delivery. Pink noise was played through the earbuds worn by participants each night prior to bedtime and again after awakening each morning to blind participants to study condition. Two auditory intervention conditions (Disruptive and Enhancing), preceded by an acclimatization night (Habituation) and separated by a Sham night, were administered in a randomized counterbalanced order (study protocol in [Figure 1](#F0001){ref-type="fig"}).Figure 1Study protocol. Abbreviations; TIB (time in bed).

Auditory Stimulation {#S0003-S2004}
--------------------

The registered polysomnographic technologist (RPSGT, MMS) identified sleep stages in real time and systematically presented participants with sequences of auditory stimuli during sleep on the Disruptive and Enhancing nights. Within an auditory stimulation sequence, each stimulus was presented for up to 10 sec, separated from the previous stimulus in the sequence by 5 sec (inter-stimulus interval of 15 sec). Each stimulus could be presented at one of 9 presentation levels, from 15--55 dBA. Stimulation was initiated at 15 dBA. The RPSGT immediately paused sound presentation when an arousal or awakening was detected. Decision-making sound delivery algorithms specific to each study condition are in [[Supplementary Figure S2](http://www.dovepress.com/get_supplementary_file.php?f=243204.docx)]{.ul}.

Within the Disruptive condition, stimuli were administered in an attempt to induce a minimum of two sequential arousals[@CIT0017] or maximum of a brief awakening. Presentation loudness increased with each stimulus in a sequence, with each sequence continuing until either the sequence was completed (maximum of 9 stimuli) or the RPSGT detected evidence of a sleep disruption (see "Polysomnography processing" section in [[Supplementary Information](http://www.dovepress.com/get_supplementary_file.php?f=243204.pdf)]{.ul} for disruption criteria). The Disruptive condition included four sounds intended to vary in their degree of salience for response urgency: an intravenous pump machine alarm, a physician being paged by surname, a jet flying overhead, and ocean waves.[@CIT0018] Stimuli were presented during stages N2, N3, and REM.

Within the Enhancing condition, stimuli were administered in an attempt to evoke sustained delta wave enhancement during stages N2 and N3 and to reduce the number of sleep disruptions related to sound presentation. The RPSGT set a maximum dBA presentation loudness for stimuli (maximum of 12 stimuli per sequence in the Enhancing condition), which was adjusted throughout the night and was based on the most recent dBA level that induced a disruption (eg, maximums were generally 5 dBA lower than those observed to consistently cause disruption in previous presentation). The Enhancing condition included six sound variations previously reported to enhance SO activity,[@CIT0003],[@CIT0004] here referred to as "0.8 Hz pink noise," composed of pink noise 50 ms in duration with 5-ms linear onset and offset ramps. Within each 10-sec sound presentation, the 50-ms bursts were repeated every 1.25 sec, yielding a 0.8 Hz presentation rate. Two variations were constructed with pitched elements ("Hi" and "Low") by replacing the pink noise with an equal mix of pink noise and a sine wave, with the sine wave frequency set to either 800 or 1200 Hz. A third variation was constructed by amplitude-modulating pink noise with a 0.4 Hz sine wave (0.8 Hz pulsing). Within the Enhancing condition, the 10th stimulus in each sequence was one of two "variants" on the inter-stimulus interval. Variants were presented at the same sound pressure level as other stimuli, with 50-ms pulse duration, but the inter-stimulus interval was either randomly shorter (uniform distribution between 125−500 ms) or longer (uniform distribution between 2--5 sec). Additional auditory stimulation delivery details are available in [[Supplementary Information](http://www.dovepress.com/get_supplementary_file.php?f=243204.pdf)]{.ul}, the characteristics of each stimulus are available in [[Supplementary Figure S3](http://www.dovepress.com/get_supplementary_file.php?f=243204.pdf)]{.ul}, and a general schematic of stimulus administration based on sound type, sleep stage, and study condition is in [[Supplementary Table S2](http://www.dovepress.com/get_supplementary_file.php?f=243204.pdf)]{.ul}.

Psychomotor Vigilance Task (PVT) {#S0003-S2005}
--------------------------------

Participants completed a neurobehavioral task battery (Joggle Research^®^; [[www.admin.joggleresearch.com](http://www.admin.joggleresearch.com)]{.ul}) approximately every 3 hrs during scheduled wake time, including a 10-min psychomotor vigilance test (PVT) assessing sustained attention based on reaction time (RT) to stimuli with random inter-stimulus intervals ranging from 2--10 sec. For each neurobehavioral test, participants were seated at the same desk in a quiet room and completed the test on a touchscreen tablet. The tablet rested on a stand that was angled at approximately 120° and was 32 cm from the desk edge. Participants were continuously monitored to ensure adherence and to document test validity.

Subjective Sleep Measures {#S0003-S2006}
-------------------------

Within 1 hr of wake in the morning following each inpatient night, participants completed a short sleep survey, the Post-Sleep Questionnaire (PSQ). Participants were asked to report, "How long do you think it took you to fall asleep last night?" (in hours and minutes), "How many times did you wake up during the night?", and "How much sleep do you think you got last night?" (in hours and minutes). On a 7-point Likert scale, participants were also asked to rate, "How would you evaluate your sleep last night?" (1, Extremely bad; 7, Extremely good), "How sleepy do you feel right now?" (1, Not sleepy at all; 7, Extremely sleepy), and "How refreshed do you feel right now?" (1, Not refreshed at all; 7, Extremely refreshed).

Polysomnography (PSG) and Actigraphy Processing {#S0003-S2007}
-----------------------------------------------

PSG data were staged and scored for neurocortical disruptions by an RPSGT (MMS) blinded to auditory stimulation information (and thus blinded to condition). The arousal index included both American Academy of Sleep Medicine (AASM)-qualifying[@CIT0017] microarousals and awakenings, and reflected disruption of the sleep stage during which an arousal began. Neurocortical arousal in response to auditory stimulation typically occurs at a latency of 5.6 sec, with arousals out of NREM occurring slightly earlier than arousals out of REM.[@CIT0022] To avoid overlap with the next scheduled stimulus, sleep disruptions beginning within 15 sec following onset of an auditory stimulus were considered associated with that stimulus. Arousal index included both spontaneous and induced arousals. Among nights across all participants, unscorable data resulted in one night of data loss (Habituation night, not included in analyses).

Average actigraphy sleep duration was determined according to a previously described algorithm using 15-sec epochs of movement count.[@CIT0023] Consecutive low-movement epochs were used to approximate sleep onset and awakening, and therefore sleep time each night. Actigraphy was corroborated with sleep diaries.

Delta Power Spectral Density {#S0003-S2008}
----------------------------

Delta (0.5--4 Hz) and SO (0.5--1 Hz) power spectral density (PSD) were calculated across whole-night sleep overall and also proximally around each auditory stimulus on Enhancing and Disruptive nights. Spectral analysis was implemented using MATLAB (Natick, MA) in conjunction with the EEGLAB toolbox and custom scripts.[@CIT0024] EEG recordings were re-referenced to the average of the left and right mastoid electrodes. Electrode Fz was selected a priori for power analyses, as its location is sensitive to stimulation-induced low-frequency power changes.[@CIT0003]

For whole-night delta and SO PSD, data were epoched into 30-sec periods corresponding to each RPSGT-labelled sleep epoch and then screened for artifact. Across the 24 nights used in this analysis, a mean of 0.84% (*SD* = 0.67%) sleep epochs were excluded. The mean base-10 logarithm (log~10~) delta and SO PSD were computed for each participant within each study condition (Enhancing, Sham, and Disruptive) via the Welch method (MATLAB function "pwelch"; details in [[Supplementary Information](http://www.dovepress.com/get_supplementary_file.php?f=243204.pdf)]{.ul}). Specifically, PSD was extracted from each epoch by averaging the fast Fourier transform (FFT) bins corresponding to the frequency range of each frequency band (0.5--4 Hz for delta; 0.5--1 Hz for SO). Because the distribution of power values across epochs tends to be right skewed, PSD values for each epoch were subsequently transformed to the log~10~ of their original values, to more closely approximate a normal distribution prior to averaging across epochs.[@CIT0025]

For stimulation-proximal PSD change, data were epoched from −10--15 sec ("stimulus-locked") around each auditory stimulus onset. Stimulus-locked epochs were screened for artifact using parameters similar to those in the analysis of whole-night PSD. Across the 16 stimulation nights used in this analysis, a mean of 1.14% (*SD* = 1.01%) stimulus-locked epochs per recording were excluded. Only stimuli that were immediately preceded by stage N2 or stage N3 were further analyzed. Additional artifact rejection, arousal association, and PSD processing details are in [[Supplementary Information](http://www.dovepress.com/get_supplementary_file.php?f=243204.pdf)]{.ul}.

Statistical Analyses {#S0003-S2009}
--------------------

PSD, PSG, and subjective sleep analyses were conducted using IBM SPSS 25.0 (SPSS Inc., Chicago, IL). PVT analyses were conducted using SAS 9.4 (SAS Institute Inc., Cary, NC). All analyses were performed as 2-tailed tests and were interpreted using a statistical significance threshold of *p* \< .05. Distributions met assumptions of normality (skew \< \|3\|, kurtosis \< \|10\|), and outliers (*SD* ≥ \|3\|) were excluded on a case-wise basis. For linear mixed models (LMM), the decision to include a random effect to account for individual variation (Subject, with intercept) was determined for each model separately, based on a residual variance of at least 10% or a significant χ^2^ difference in Akaike information criterion corrected for small sample size (AIC~C~) between mixed/standard models (maximum likelihood). Order and interaction effects were dropped from LMMs in the absence of a significant χ^2^ difference in AIC~C~ to achieve model parsimony and to retain maximal power given the study's small sample size.

Actigraphy Analyses {#S0003-S2010}
-------------------

Actigraphy-scored total sleep time (TST) was compared between screening and pre-inpatient actigraphy data, and between pre-inpatient and inpatient actigraphy data, using paired-samples *t*-tests. Mean TST for screening data was calculated using the total number of valid nights available (between 4--7). All 3 pre-inpatient nights were included in mean TST for pre-inpatient data. Inpatient mean TST did not include the first night in the lab (Habituation).

Whole-Night PSD, PSG, and Subjective Sleep Analyses {#S0003-S2011}
---------------------------------------------------

Delta and SO PSDs were averaged across all nocturnal recording epochs staged as sleep, irrespective of the presence or absence of auditory stimulation. LMM analyses were used to conduct within-participants analyses between Sham and Disruptive or between Sham and Enhancing conditions. The study condition (Disruptive, Sham, or Enhancing), order of condition presentation (either Disruptive on night 2 or Enhancing on night 2), and an interaction between condition and order effects were fixed.

Momentary PSD Change Analyses {#S0003-S2012}
-----------------------------

Power within each frequency range was calculated across all stimuli initiated during stages N2 and N3 within a study condition (Enhancing or Disruptive). The log~10~ delta and SO PSD change from the pre-stimulation baseline to stimulation periods within each condition (Enhancing and Disruptive) was assessed using paired-samples *t*-tests. Differences in baseline PSD between conditions, and baseline-corrected changes in PSD between conditions, were assessed using paired-samples *t*-tests.

Momentary PSD Stimulus Analyses {#S0003-S2013}
-------------------------------

To evaluate delta and SO PSD elicitation by individual sounds momentarily during sound presentation, LMM analysis was used. The delta and SO power changes from pre-stimulation baseline (outcome) that were elicited by each individual stimulus, separated by sound type (fixed effect) relative to a sound of known efficacy (0.8 Hz pink noise), and net of changes in dBA level (random effect), were examined. Participant identity was also included in the model as a random effect.

Neurobehavioral Analyses {#S0003-S2014}
------------------------

RTs ≥ 500 ms are considered lapses of attention, indicating reduced behavioral alertness (errors of omission).[@CIT0026] Median RT within each trial was analyzed due to the non-normal distribution of RT and included lapses but not RTs \< 100 ms, or false starts.[@CIT0027] PVT lapses and false starts were analyzed with generalized linear models using Poisson distribution. PVT continuous metrics (RT) were analyzed with LMM. Statistical tests on PVT outcome measures compared Disruptive and Enhancing conditions to Sham in separate analyses and included additional fixed effects for Time of Day and Condition\*Time of Day.

Results {#S0004}
=======

Participants {#S0004-S2001}
------------

Eight participants (5 female) completed the full, 4-night protocol. One participant's earbud rotated in their ear canal during the Disruptive condition; the individual's data followed expected patterns for effective disruption and were retained. Post-hoc observation of the live-stimulation auditory channel revealed a technical issue that slightly truncated all auditory stimuli on 3 nights (2 Disruptive and 1 Enhancing night), such that the maximum stimulus length reached 9.2 rather than 10 sec; these data were also retained.

Participants were adherent in maintaining their typical sleep schedule during the pre-inpatient period relative to screening, according to actigraphy (*p* = .374, *d* = 0.34). Although scheduled for 9 hrs, actual sleep opportunity ranged from 8 hrs 41 mins to 9 hrs 13 mins on any given night (according to PSG, from "lights out" to "lights on"). Sleep opportunity on the Disruptive condition night was outlying for a single participant (8.7 hrs), but minutes of sleep opportunity did not significantly differ between Disruptive and Sham (*p* = .315, *b* = −2.51) or between Enhancing and Sham (*p* = .514, *b* = −1.56) condition nights. There was no significant difference between inpatient and pre-inpatient TST according to actigraphy (*p* = .407, *d* = 0.31). For TST descriptive statistics during the screening, pre-inpatient, and inpatient periods, refer to [[Supplementary Table S1](http://www.dovepress.com/get_supplementary_file.php?f=243204.pdf)]{.ul}.

Whole-Night Low-Frequency Power {#S0004-S2002}
-------------------------------

A similar overall number and frequency of stimuli were initiated during sleep between the Enhancing and Disruptive conditions (*p* = .423, *d* = 0.38 and *p* = .474, *d* = 0.35, respectively). Whole-night (restricted to sleep) log~10~ delta (0.5--4 Hz) and SO (0.5--1 Hz) PSD did not differ between Enhancing (delta: *M* = 1.54, *SD* = 0.10; SO: *M* = 1.87, *SD* = 0.09) and Sham (delta: *M* = 1.57, *SD* = 0.11; SO: *M* = 1.89, *SD* = 0.11) conditions (delta: *t*(7) = 1.58, *p* = .158, *d* = 0.21; SO: *t*(7) = 1.64, *p* = .145, *d* = 0.24), but were significantly lower within the Disruptive (delta: *M* = 1.49, *SD* = 0.16; SO: *M* = 1.79, *SD* = 0.16) condition versus Sham (delta: *t*(7) = 2.94, *p* = .022, *d* = 0.57; SO: *t*(7) = 2.30, *p* = .020, *d* = 0.77). Whole-night low-frequency power results are depicted in [[Supplementary Figure S4](http://www.dovepress.com/get_supplementary_file.php?f=243204.pdf)]{.ul}.

Momentary Low-Frequency Power Between Conditions {#S0004-S2003}
------------------------------------------------

Stimulation-proximal mean log~10~ delta and SO PSD in both the Enhancing and Disruptive conditions were significantly greater during the 10-sec interval of auditory stimulation versus the 5-sec baseline period preceding auditory stimulation (delta: *p* = .001, *d* = 0.83 in Disruptive and *p* = .002, *d* = 1.00 in Enhancing, [Table 1](#T0001){ref-type="table"} -- upper panel, [Figure 2A](#F0002){ref-type="fig"}; SO: *p* = .0005, *d* = 0.92 in Disruptive and *p* = .0009, *d* = 1.40 in Enhancing; [Table 1](#T0001){ref-type="table"} -- upper panel, [Figure 2B](#F0002){ref-type="fig"}).Table 1Mean Log~10~ Delta and Slow-Oscillatory Power Spectral Density Relative to Auditory StimulationWithin-Condition ComparisonsStudy ConditionPower Frequency RangePre-Stimulus BaselineStimulation*dftp*(5 sec)^a^(10 sec)^a^Enhancing0.5--4 Hz (Delta)1.66 (0.04)1.76 (0.03)74.91**.002**0.5--1 Hz (SO)1.94 (0.04)2.08 (0.03)75.52**\<.001**Disruptive0.5--4 Hz (Delta)1.54 (0.05)1.67 (0.06)75.49**.001**0.5--1 Hz (SO)1.78 (0.06)1.95 (0.07)76.04**\<.001Between-Condition ComparisonsTime WindowPower Frequency RangeDisruptive^a^Enhancing^a^*df**t**p***Pre-stimulus baseline\
(5 sec)0.5--4 Hz (Delta)1.54 (0.05)1.66 (0.04)74.03**.005**0.5--1 Hz (SO)1.78 (0.06)1.94 (0.04)74.39**.003**Stimulation period\
(10 sec)0.5--4 Hz (Delta)1.67 (0.06)1.76 (0.03)72.60**.035**0.5--1 Hz (SO)1.95 (0.07)2.08 (0.03)72.62**.034**Change from pre-stimulus baseline to stimulation0.5--4 Hz (Delta)0.13 (0.02)0.10 (0.02)70.90.3960.5--1 Hz (SO)0.18 (0.03)0.14 (0.02)71.18.278[^2] Figure 2(**A** and **B**) Mean log~10~ delta (0.5--4 Hz; **A**) and mean log~10~ slow-oscillation (0.5--1 Hz; **B**) power spectral density (PSD) within the 5-sec pre-stimulus baseline and 10-sec post-stimulus period, separately for auditory stimulation delivered within the Disruptive and Enhancing conditions. Auditory stimulations were included in analyses if delivered out of stages N2 and N3, did not lead to an arousal, and were not ended early by the experimenter. Within each condition, log~10~ delta and slow-oscillation PSD in the post-stimulus period were significantly increased relative to the pre-stimulus period. In addition, during both the 5-sec baseline and the 10-sec stimulation period, log~10~ delta and slow-oscillation PSD in the Enhancing condition were greater than log~10~ PSD in the Disruptive condition. Error bars represent standard error of the mean. \**p* \< .05, \*\**p* \< .005.

For both the stimulation and baseline periods, log~10~ delta and SO PSD were greater within the Enhancing condition, versus the Disruptive condition (delta: *p* = .035, *d* = 0.67 stimulation and *p* = .005, *d* = 0.94 baseline, [Table 1](#T0001){ref-type="table"} -- lower panel, [Figure 2A](#F0002){ref-type="fig"}; SO: *p* = .034, *d* = 0.85 stimulation and *p* = .003, *d* = 1.11 baseline, [Table 1](#T0001){ref-type="table"}, upper panel, [Figure 2B](#F0002){ref-type="fig"}). However, the stimulation-proximal change from baseline in log~10~ delta (*d* = 0.53) and SO (*d* = 0.55) PSD did not significantly differ between Enhancing and Disruptive conditions ([Table 1](#T0001){ref-type="table"}, lower panel).

Momentary Low-Frequency Power by Stimulus, Relative to 0.8 Hz Pink Noise {#S0004-S2004}
------------------------------------------------------------------------

The primary analysis was the momentary effect of a 0.8 Hz pink noise stimulus predominantly used in other auditory stimulation literature. Pink noise 0.8 Hz significantly increased delta (0.5--4 Hz) PSD from pre-stimulation baseline (5 sec; *M* = 1.66, *SD* = 0.13) to during the stimulation window (10 sec; *M* = 1.81, *SD* = 0.11; *t*(7) = 4.60, *p* = .002, *d* = 1.25). Pink noise 0.8 Hz also significantly increased SO (0.5--1 Hz) PSD from pre-stimulation baseline (*M* = 1.95, *SD* = 0.16) to during stimulation (10 sec; *M* = 2.13, *SD* = 0.12; *t*(7) = 4.68, *p* = .002, *d* = 1.27).

Net of the auditory stimulation sound pressure level (dBA), momentary PSD change analyses indicated a greater enhancing effect of a human-vocal paging announcement on delta (*b* = 0.14) and SO (*b* = 0.20) activity (both *p* \< .001) and a similar enhancing effect of IV alarm (delta and SO activity both n.s.) versus 0.8 Hz pink noise during NREM sleep. Other stimuli (ocean, jet, pink hi, pink lo, and pink sine) induced significantly smaller PSD change than the field standard 0.8 Hz pink noise for delta (ocean: *b* = -0.02; jet: *b* = −0.06; pink hi: *b* = −0.01; pink lo: *b* = −0.02; pink sine: *b* = −0.02; all *p* \< .005) and SO (ocean: *b* = 0.01; jet: *b* = −0.04; pink hi: *b* = 0.02; pink lo: *b* = −0.004; pink sine: *b* = −0.01; all *p* ≤ .01) activity. See [[Supplementary Table S3](http://www.dovepress.com/get_supplementary_file.php?f=243204.pdf)]{.ul} for the change in momentary delta and SO PSD across stimulus types, [Figure 3](#F0003){ref-type="fig"} for change by each stimulus type at different dBA levels, and [Table 2](#T0002){ref-type="table"} for change by stimulus type, net of dBA.Table 2Change in Momentary Delta and Slow Oscillatory Power Spectral Density for Each Stimulus Type (vs Pink Noise 0.8 Hz)StimulusPower Frequency RangeEMM*tp*Jet flying overhead0.5--4 Hz (Delta)−0.06−6.03**\<.001**0.5--1 Hz (SO)−0.04−4.92**\<.001**Ocean waves0.5--4 Hz (Delta)−0.02−3.84**\<.001**0.5--1 Hz (SO)0.01−2.68**.007**Physician being paged0.5--4 Hz (Delta)0.143.86**\<.001**0.5--1 Hz (SO)0.204.30**\<.001**IV pump alarm0.5--4 Hz (Delta)0.091.44.1510.5--1 Hz (SO)0.121.68.093^†^High pitch^a^ pink noise0.5--4 Hz (Delta)−0.01−3.10**.002**0.5--1 Hz (SO)0.02−2.58**.010**Low pitch^b^ pink noise0.5--4 Hz (Delta)−0.02−4.07**\<.001**0.5--1 Hz (SO)−0.004−3.52**\<.001**Pink noise sine^c^0.5--4 Hz (Delta)−0.02−4.05**\<.001**0.5--1 Hz (SO)−0.01−3.54**\<.001**Pink noise 0.8 Hz0.5--4 Hz (Delta)0.05**----**0.5--1 Hz (SO)0.08**----**[^3] Figure 3Mean change in delta (0.5--4 Hz) and slow oscillatory (0.5--1 Hz) frequency power spectral density between baseline (5 sec preceding stimulation) and auditory stimulation (10 sec during stimulation; y-axes) for stimuli initiated during N2 and N3 sleep that did not result in sleep disturbance. Participants must have had at least 2 qualifying instances of a stimulus (panels) at a given dBA level (x-axes) to contribute to each data point average. Averages across fewer than 3 participants are not presented; however, all data were included in the linear mixed model analysis. PSD, power spectral density; dBA: decibel.

Sleep Architecture and Continuity {#S0004-S2005}
---------------------------------

A summary of linear model details and omnibus outcomes for PSG is in [[Supplementary Table S4](http://www.dovepress.com/get_supplementary_file.php?f=243204.pdf)]{.ul}. Post-hoc pairwise comparisons are in [Table 3](#T0003){ref-type="table"}. There were no differences in TST in Disruptive or Enhancing conditions versus Sham (between 7.2--8.8 hrs TST, [Figure 4A](#F0004){ref-type="fig"}) and sleep efficiency did not differ (76.4--96.4% sleep efficiency). The proportion of, and time spent in, N3 were both lower in the Disruptive condition than in the Sham condition (*p* = .004 and *p* = .003, respectively; [Figure 4A](#F0004){ref-type="fig"}), particularly when the Disruptive condition was randomized to occur on night 2 (immediately following the first night, Habituation) instead of night 4 (immediately following the third night, Sham); see [Figure 4B](#F0004){ref-type="fig"} for percent differences in N3 sleep between the Disruptive or Enhancing condition nights and Sham night.Table 3Post-Hoc Pairwise Comparisons (vs Sham) of PSG Features on Enhancing and Disruptive NightsSleep Outcome by Condition (vs Sham) and Order (vs Other Order)Condition \* Order Interaction (vs Sham)EMM*t*Estimate of Fixed Effect*p***TST (mins)** Disruptive472.1−0.89−10.6.387 Enhancing468.4−1.20−14.3.246**Sleep efficiency (%)^a^** Disruptive87.4%−0.52−1.1%.608 Enhancing86.1%−1.12−2.4%.278**N3 (% TST)** Disruptive6.1%−3.33−4.8%**.004** Enhancing13.2%2.143.1%**.048*Order effect***Disruptive 1st11.5%1.705.1%.119Disruptive6.3%−2.56−4.7%**.021**Enhancing12.5%−3.51−6.4%**.003**Sham15.8%------Enhancing 1st10.2%------Disruptive5.9%------Enhancing13.9%------Sham10.8%------**N3 (mins)** Disruptive28.9−3.53−24.5**.003** Enhancing61.92.0614.3.056^†^***Order effect***Disruptive 1st54.61.7123.7.116Disruptive30.5−2.33−20.5**.033**Enhancing57.6−3.66−32.1**.002**Sham75.5------Enhancing 1st48.4------Disruptive27.3------Enhancing66.2------Sham51.8------**N2 (% TST)** Disruptive55.9%2.053.8%.057^†^ Enhancing50.7%−0.78−1.4%.446**N2 (mins)** Disruptive262.91.1010.5.287 Enhancing237.3−1.59−15.2.131**REM (% TST)** Disruptive22.3%−0.99−1.8%.339 Enhancing24.4%0.130.3%.895**REM (mins)** Disruptive105.8−1.01−10.8.323 Enhancing114.2−0.22−2.3.830**N1 (% TST)** Disruptive15.7%3.495.8%**.003** Enhancing12.0%1.282.1%.219**N1 (mins)** Disruptive74.33.8126.6**.002** Enhancing56.41.248.7.232**Arousals (/hr TST)** Disruptive28.54.208.7**\<.001** Enhancing20.40.320.7.751**N2 arousals (/hr N2)** Disruptive23.13.618.1**.001** Enhancing13.7−0.55−1.2.588**N3 arousals (/hr N3)** Disruptive20.34.7512.0**\<.001** Enhancing9.00.280.7.785**REM arousals (/hr REM)** Disruptive25.51.413.7.177 Enhancing22.60.310.8.765**All-night delta power^a^** Disruptive1.5−3.79−0.08**.002** Enhancing1.5−1.10−0.02.288[^4] Figure 4(**A**) Mean time (in minutes, y-axis) and percentage of TST (data labels) spent in each sleep stage on the Disruptive and Enhancing condition nights relative to Sham night across eight participants. The ordinate is in 1-hr (60-min) intervals. Error bars represent standard deviation. Participants spent significantly less time in N3 on the Disruptive night than Sham that included a significant Condition\*Order interaction. N1 time was significantly greater on the Disruptive night than on Sham. \*\**p* \< .005, ^†^*p* \< .100 (marginally significant), in comparisons of stage percentage. (**B**) Mean percent difference in N3 sleep between the Disruptive and Enhancing condition nights versus the Sham night, with markers indicating individual participant differences. Filled markers represent participants randomized to the Enhancing condition on Night 2 (two nights prior to Disruptive) and open or letter markers represent participants randomized to the Disruptive condition on Night 2 (two nights prior to Enhancing). Error bars represent standard deviation. Percent N3 was greater in the Enhancing condition than Sham only when Sham did not coincide with a rebound effect following a Disruptive night (ie, only when Enhancing was presented on Night 2, two nights prior to Disruptive).

The percentage of N3 was higher in the Enhancing condition than in the Sham condition (*p* = .048, [Figure 4A](#F0004){ref-type="fig"}), but the greater time spent in N3 on the Enhancing night versus Sham was only marginally significant (*p* = .056). A significant order\*condition interaction indicated that N3 was lower in the Enhancing condition relative to Sham only when the Disruptive condition was randomized to presentation on night 2 (immediately following the first night, Habituation) instead of night 4 (immediately following the third night, Sham; [Figure 4B](#F0004){ref-type="fig"}). N2 did not differ between Disruptive or Enhancing and Sham. Neither REM sleep quantity nor proportion differed from Sham in Disruptive or Enhancing conditions. The proportion of, and time spent in, NREM stage 1 sleep (N1) were both lower in the Disruptive condition than in the Sham condition (*p* = .003 and *p* = .002, respectively; [Figure 4A](#F0004){ref-type="fig"}), but were retained in the Enhancing condition. Disruptive auditory stimulation, therefore, decreased N3 and N1 sleep time and percentage and affected sleep architecture, while preserving TST. In contrast, Enhancing auditory stimulation increased N3 proportion.

As designed, the overall arousal index (per hour of TST) was significantly higher and sleep more fragmented in the Disruptive condition versus Sham (*p* \< . 001, [Figure 5](#F0005){ref-type="fig"}). Arousal indices during N2 andFigure 5Mean arousal index (arousals out of a given sleep stage per hour of that sleep stage) in each study condition (Disruptive night, Sham night, or Enhancing night), split by arousal association with sound presentation (spontaneous or associated with auditory stimulation). Sounds were not played during sleep on Sham night; therefore, only spontaneous arousals (empty bars) are indicated in that condition (center column). Arousals associated with auditory stimulation (occurring up to 15 sec after sound presentation onset; shaded bars) are shown for Disruptive and Enhancing nights, with data labels indicating the percentage of arousals in a condition and sleep stage temporally related to stimulation and temporally independent of stimulation ("spontaneous"). Error bars represent standard error of the mean. N3 arousal index *n* = 7 due to one outlying value that was excluded. Despite the presence of auditory-associated arousals in the Enhancing condition, total arousal indices in stages N2, N3, and REM were similar to arousal indices on Sham night. Arousals were significantly more frequent in the Disruptive condition relative to Sham, except for during REM sleep. \*\*\**p* \< .001 in a comparison of overall arousal indices. N3 both were higher in the Disruptive condition than in Sham (*p* = .001 and *p* \< .001, respectively), while REM arousal index did not differ ([Table 3](#T0003){ref-type="table"}). Neither overall nor sleep stage-specific arousal indices differed between the Enhancing and Sham conditions. Order\*condition interactions were non-significant. [Figure 5](#F0005){ref-type="fig"} illustrates independent contributions from each arousal type to total arousal index.

Neurobehavioral Results (PVT) {#S0004-S2006}
-----------------------------

Descriptive statistics for PVT performance after Sham, Disruptive, and Enhancing conditions are available in [[Supplementary Table S5](http://www.dovepress.com/get_supplementary_file.php?f=243204.pdf)]{.ul}. Statistical comparisons of PVT performance after Disruptive and Enhancing conditions (vs Sham) are available in [Table 4](#T0004){ref-type="table"}. Only PVT lapses after the Disruptive night (*M* = 0.82, *SD* = 0.25) were significantly higher compared to Sham (*M* = 0.39, *SD =* 0.30; *b* = 0.43, *p* \< .001; [Figure 6](#F0006){ref-type="fig"}).Table 4Results from Analyses Comparing PVT Outcomes in Disruptive and Enhancing Conditions Compared to ShamDisruptive vs ShamEnhancing vs ShamEstimate of Effect (*SEM*)*t*(53)*p*Estimate of Effect (*SEM*)*t***(53)***p*Median RT^a^\<0.001 (0.01)0.19.851\<0.001 (0.01)−0.65.521**Estimate of Effect (*SEM*)*z**p*Estimate of Effect (*SEM*)*z**p***Lapse count^b,c^0.43 (0.12)3.68**\<.001**0.263 (0.29)0.91.363False start count^b,d^−0.151 (0.22)−0.70.482−0.162 (0.34)−0.47.636[^5] Figure 6Mean difference in lapse sum (estimated marginal means) across the 10-min PVT after the Disruptive and Enhancing conditions (vs after Sham). Error bars represent standard error of the mean. Lapse count per administration was significantly higher after the Disruptive night than after the Sham night (*p* \< .001); there was no difference in lapses between Enhancing and Sham. \*\*\**p* \< .001 compared to Sham.

Subjective Sleep Outcomes {#S0004-S2007}
-------------------------

A summary of linear model details and omnibus outcomes for subjective sleep measures is accessible in [[Supplementary Table S6](http://www.dovepress.com/get_supplementary_file.php?f=243204.pdf)]{.ul}. Post-hoc pairwise analyses are presented in [Table 5](#T0005){ref-type="table"}. Participants indicated lower perceived TST in retrospect the morning after the Disruptive condition than after the Sham condition (*p* = .002; [Figure 7](#F0007){ref-type="fig"}), but did not indicate a perceived difference in TST between Enhancing and Sham conditions. The percentage of total sleep disruptions recalled by participants in a morning survey (both AASM-qualifying arousals or awakenings that were associated with auditory stimulation and that were spontaneous), relative to those later identified by the RPSGT, occurred at a rate of about 6.5% (±3.7%) after the Disruptive condition, in contrast to recall for 2.3% (±1.1%) and 2.4% (±1.4%) of total disruptions after the Sham and Enhancing conditions, respectively. Participants recalled more awakenings after the Disruptive condition than after Sham (*p* \< .001) but again did not differ in their awakening recall between Enhancing and Sham nights ([Figure 7](#F0007){ref-type="fig"}). Perceived sleep quality did not differ between Enhancing and Sham conditions on the morning after, but sleep quality on the Disruptive night was accurately (as measured by arousal index) perceived as worse than Sham (*p* \< .001; [Figure 7](#F0007){ref-type="fig"}).Table 5Post-Hoc Pairwise Comparisons (vs Sham) of Subjective Sleep Assessment^a^ the Morning After Enhancing or Disruptive Nights.^b^Subjective Assessment by ConditionEMM^c^*t*Estimate of\
Fixed Effect*p***Number of awakenings** Disruptive10.95.178.0**\<.001** Enhancing2.6−0.16−0.3.873**Total sleep time (mins)^d^** Disruptive408.8−3.71−82.5**.002** Enhancing476.9−0.65−14.4.527**Sleep quality^e^** Disruptive2.3−5.35−2.5**\<.001** Enhancing4.5−0.54−0.3.598**Residual sleepiness^f^** Disruptive1.92.331.1**.029** Enhancing1.00.520.3.609**Sleep's restorative value^g^** Disruptive2.0−4.09−2.3**\<.001** Enhancing4.30.000.01.000[^6] Figure 7Panel of figures summarizing the mean difference in subjective sleep measures between the Disruptive or Enhancing condition nights versus Sham night in a morning survey. Number of Recalled Awakenings (**A**) indicates the number of times a participant reported awakening between sleep onset and their final morning awakening, Perceived Total Sleep Time (TST; **B**) indicates the total amount of time participants thought they slept (depicted here in minutes), and Perceived Sleep Quality (**C**), Perceived Residual Sleepiness (that morning; **D**), and Perceived Restoration (that morning; **E**) were participant responses to a 7-point Likert scale. Error bars represent standard deviation. For all measures, subjective sleep was rated significantly worse after the Disruptive night compared to Sham. The Enhancing condition did not differ for any sleep rating relative to Sham. \*\*\**p* \< .001, \*\**p* \< .005, \**p* \< .05.

Sleep was considered less restorative by participants after the Disruptive night than after Sham (*p* \< .001), but not after the Enhancing night versus Sham ([Figure 7](#F0007){ref-type="fig"}). Residual sleepiness in the morning did not differ from Sham after the Enhancing night, but was significantly greater after the Disruptive condition relative to Sham (*p* = .029, [Figure 7](#F0007){ref-type="fig"}).

Discussion {#S0005}
==========

The purpose of this study was to examine the effects and specificity of supervised and systematic non-phase-locked pink noise auditory stimulation on sleep depth. Both Enhancing (pink noise sounds) and Disruptive (environmental sounds) conditions increased delta (0.5--4 Hz) and SO (0.5--1 Hz) EEG proximal to stimulation while preserving TST. The Enhancing condition stimulation further preserved sleep efficiency and sleep quality (microarousal fragmentation), while increasing N3 proportion. Standard 0.8 Hz pink noise increased low-frequency activity in both delta and SO ranges more effectively than other pink variants, but these effects were similar to or exceeded by stimuli without pink noise characteristics in the Disruptive condition. Whole-night delta and SO activity were unchanged in the Enhancing condition and were reduced in the Disruptive condition compared to Sham despite momentary increases with stimulation presentation. The Disruptive condition degraded neurobehavioral performance (more PVT lapses versus Sham). These outcomes support the notion that nocturnal auditory stimulation with either enhancing or disruptive properties[@CIT0003],[@CIT0004],[@CIT0018] can significantly increase momentary delta power when played below the auditory arousal threshold, but that disruptive sounds can also degrade sleep quality (both objectively through higher arousal index, and subjectively through self-report) and next-day performance (through vigilance lapses).

Whole-night power (across all sleep epochs) in the delta and SO frequency ranges was reduced on the Disruptive night versus Sham; this outcome was expected by design, as the Disruptive condition decreased the duration and proportion of N3 and degraded sleep continuity in stages N2 and N3. Unexpectedly, versus the 5 sec of EEG activity immediately preceding each stimulus presentation, stimulation-proximal delta and SO power were momentarily increased in *both* Enhancing and Disruptive conditions. Further examination of each stimulus type revealed that despite having lower auditory arousal threshold properties,[@CIT0003],[@CIT0004],[@CIT0018] when played below arousal threshold in this supervised non-phase-locked paradigm, some intuitively disruptive sounds were more or equally effective in eliciting a momentary increase in low-frequency PSD than the field standard (0.8 Hz pink noise). Pink noise 0.8 Hz increased momentary SO activity to a similar extent (log-scaled, \~9%) as in phase-locked work[@CIT0004] with our non-phase-locked approach, but to a lesser extent than we observed with a paging announcement stimulus containing human vocal characteristics intended to be disruptive. We also increased delta PSD with pink noise 0.8 Hz (log-scaled, \~9%) and other stimuli, consistent with open-loop literature using pink noise stimulation[@CIT0006] and in contrast to some -- but not all -- phase-locked literature using pink noise stimulation.[@CIT0003],[@CIT0004] The larger effect of paging announcement and similar effect of IV alarm sounds on PSD versus pink noise occurred in both the delta and SO frequency ranges. Although the temporal specificity of phase-locked 0.8 Hz pink noise stimulation benefits memory consolidation,[@CIT0003]--[@CIT0006] phase locking's equivocal impact on higher-frequency delta activity may constrain its broader ability to increase deep sleep (which, clinically, encompasses both rhythms). For increasing deep sleep, emphasis may not rest on temporal specificity but on other sound features. Effects on the higher-frequency delta range may also indicate elicitation of K-complexes, whose slow component is within delta range.[@CIT0028],[@CIT0029]

Overall, literature using pink noise 0.8 Hz stimulation indicates consistent enhancement of the narrower, SO EEG bandwidth when phase locked. Our work supports that both the SO and a wider, delta-encompassing (0.5--4 Hz) bandwidth are increased even when pink noise stimulation is not phase locked, and that other sounds are capable of eliciting this effect when presented below auditory arousal threshold. The momentary SO power increase observed in this study further suggests that supervised, non-phase-locked pink noise 0.8 Hz and other stimulation not fitting standard pink noise characteristics are not exclusively affecting K-complexes, whose slow-component frequency range is higher in the delta frequency window than the SO (0.5--1 Hz) analysis would be expected to detect.[@CIT0028],[@CIT0029]

Auditory event-related potential (ERP) components likely also contributed to low-frequency power elicited by stimulation within both the Enhancing and Disruptive conditions. Auditory stimulation during sleep generates a sequence of late auditory evoked potentials with relatively high amplitude that are not observed during wakefulness, including the N350, N550, P450, and P900,[@CIT0030] and a P2 component of greater magnitude than is observed during wakefulness.[@CIT0030]--[@CIT0032] Some of these later ERP components, particularly between 300--600 ms, have been likened to K-complex activity[@CIT0031] and distinguished from it.[@CIT0030],[@CIT0033] The exclusion of arousal-related auditory stimuli, which are associated with enhanced late ERP components,[@CIT0022] and of stimuli delivered during REM sleep, from our stimulation-proximal momentary PSD analyses prevented conflation of these ERP features with the condition-based and stimulus type analyses in this work. Our further inclusion of stimulus dBA as a fixed factor accounted for amplitude differences of late ERP components that are related to loudness in the comparisons of individual stimulus types.[@CIT0031] However, the necessary inclusion of sleep-disrupting stimuli in our whole-night power analyses may have transiently increased low-frequency power in the Disruptive condition, while the necessary inclusion of stimuli delivered during REM sleep may have contributed to the decrease in whole-night low-frequency power. Furthermore, the N550 ERP component is responsive to stimulus salience,[@CIT0034] which differed between Enhancing and Disruptive study conditions and thereby may have contributed to momentary PSD differences in whole-night and individual stimulus analyses.

Delta and SO enhancement may instead be attributable to more specific sound features, namely salient ones. For example, the most effective stimulus in this work contained human speech and included a surname, and the penultimate comparative stimulus might be considered salient in terms of response urgency (IV alarm). These outcomes are consistent with the observation that during stage N2, K-complexes are evoked in response to names,[@CIT0035] and sound features with threat valence or intrinsic relevance continue to be processed during N2 sleep[@CIT0018],[@CIT0035],[@CIT0036] (see [Figure 3](#F0003){ref-type="fig"} for supporting evidence). Late, slow ERP components like the N550 also demonstrate sensitivity to stimulus salience during sleep.[@CIT0034] Together, differences in K-complex and auditory ERP component response may have contributed to differences in momentary, stimulus-proximal PSD between stimuli. If stimulus properties that maximize enhancement while minimizing disruption are identified, future work could optimize the low-frequency increases accomplished here and elsewhere.[@CIT0003]--[@CIT0005],[@CIT0018],[@CIT0037],[@CIT0038]

The modest increase (\~3%) in N3 in the Enhancing condition is comparable to increases observed in other open-loop stimulation work.[@CIT0006] Our effect depended on the order of condition presentation: there was less N3 sleep in the Enhancing condition versus Sham when the Disruptive condition was presented two nights before the Enhancing night (Sham before Enhancing), but greater N3 sleep on the Enhancing night when it was presented two nights before the Disruptive night (Sham after Enhancing). The N3 condition by order interaction effect likely caused by this study design is consistent with a rebound of N3 sleep on the Sham nights that followed Disruptive nights. These Sham nights would have effectively been "enhanced" by an endogenously driven increase in N3, compensating for reduced N3 during the preceding Disruptive night.[@CIT0039] The N3 increase caused by the Enhancing condition is thereby put into context: for participants whose Enhancing condition occurred two nights after Disruptive, the N3 increase caused by Enhancing intervention did not exceed N3 rebound that occurred on the preceding Sham night.

Among midlife and older adults, transient arousals are predictive of sleep propensity even though transitions from sleep to wakefulness or to lighter sleep stages are not.[@CIT0040] As few as 5--9 auditory tones presented per hour of sleep across two nights is sufficient to reduce nap latency on the multiple sleep latency test (MSLT), even with retained TST and N3 sleep proportion.[@CIT0041] Here, sleep continuity (measured by arousal index) was preserved in the Enhancing condition, whether by our supervised stimulus delivery method or by the qualitative features of stimuli. While sleep disruption and related adverse sequelae may still occur even without overt EEG evidence,[@CIT0042] measurement of such covert disruptions is largely based on inference from those sequelae and outside of standard clinical measurement techniques. The apparent resilience of sleep to supervised non-phase-locked, delta-enhancing auditory stimulation emphasizes its potential clinical utility in the improvement of adult sleep quality or quantity. Sleep continuity is pivotal in the regulation of sleep propensity, and thereby in sustained attention,[@CIT0041] which was corroborated in the Disruptive condition's degradation of psychomotor vigilance.

Although we reduced sleep continuity without compromising TST or sleep efficiency in the Disruptive condition, we did not preserve N3 time or proportion. Previous work aiming to reduce sleep continuity was able to preserve both N3 and TST,[@CIT0041] but the magnitude of disruption accomplished by auditory stimulation in such work is unclear because no arousal indices were reported. Here, effects of the Disruptive condition on PVT are not attributable to changes in TST, REM fragmentation, or REM time, which did not differ versus Sham. However, the general maintenance of REM features in the Disruptive condition does not rule out the possibility that the presence of auditory stimulation during REM may itself have contributed to differences undetectable at the whole-night, sleep architecture level. Therefore, we implicate either increased NREM fragmentation, a loss of N3 sleep, or possibly less overt effects of stimulus delivery (like qualitative differences between stimuli) as impairing psychomotor vigilance in the Disruptive condition. PVT performance was also degraded by auditory stimulation in other supervised open-loop[@CIT0006] work, but we did not observe similar degradation after our supervised, non-phase-locked Enhancing auditory stimulation approach. Our live-supervised open-loop algorithm permitted individualization and adaptability of auditory stimulation intensity; therefore, these algorithm features are of potential importance in the maintenance of N3 and sleep quality, which did not differ between Enhancing and Sham. We further observed a reduction in subjective sleep quality after the Disruptive condition (possibly impacted by participants' awareness of their own awakenings) that was not present after the Enhancing condition. If open-loop Enhancing auditory stimulation is presented with sufficient supervision, it may permit retention of perceptual satisfaction with sleep's restorative value.

The primary limitation of the present pilot work is that the limited power due to small sample size was further parsed by an order effect of condition presentation in our analyses, limiting ability to detect group differences. We also likely diluted the effects of our Enhancing auditory stimulation by including some less effective sounds (variants on standard 0.8 Hz pink noise). Therefore, future work should replicate of our findings, which suggest that systematic non-phase-locked auditory stimulation may enhance sleep.

Conclusions {#S0006}
===========

Here, we demonstrated that disruptive auditory stimulation presented during sleep increased sleep fragmentation and next-day lapses of vigilance on a task with known sensitivity to sleep loss, while preserving total sleep time. We additionally demonstrated the utility of non-phase-locked pink noise auditory stimulation during sleep in enhancing momentary slow and delta oscillatory power and increasing the proportion of time spent in N3. Encouragingly, the systematic presentation of non-phase-locked sounds below arousal threshold suggests beneficial translational applications of auditory (ie, non-pharmacological) stimulation to enhance sleep. Potential applications include developing auditory stimulation specifically to improve N3 sleep quantity and sleep depth, or to potentially improve next-day functioning in those with reduced sleep amount and/or quality, such as midlife and older adults.[@CIT0040]
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[^2]: **Notes:** Upper panel: mean log~10~ delta (0.5--4 Hz) and slow-oscillatory (0.5--1 Hz) power spectral density within each study condition, during auditory stimulation (10 sec) relative to the 5-sec baseline period preceding stimulation. Lower panel: differences in power spectral density between Disruptive and Enhancing study condition nights, within the 5-sec pre-stimulus baseline period, 10-sec stimulus period, and the pre-stimulus to stimulation change. Power within a frequency range was calculated across all stimuli initiated during stages N2 and N3 within a study condition (Enhancing or Disruptive) and at all sound pressure levels. ^a^Mean (standard error of the mean). *p*-values in **bold** are interpreted as significant (*p* \< .05).

    **Abbreviation:** SO, slow oscillation.

[^3]: **Notes:** Linear mixed model outcomes of the delta (0.5--4 Hz) and slow oscillatory (SO, 0.5--1 Hz) power spectral density change between baseline (5-sec window) and stimulation (10-sec window) for each auditory stimulus, relative to the change elicited by a field-standard 0.8 Hz pink noise auditory stimulus. Paging elicited a significantly greater delta and SO power change than did 0.8 Hz pink noise, the IV pump alarm elicited similar delta and SO power relative to 0.8 Hz pink noise, and other stimuli elicited significantly smaller delta and SO power changes than 0.8 Hz pink noise. ^a^1200 Hz. ^b^800 Hz. ^c^Amplitude-modulated pink noise with a 0.4 Hz sine wave. *p*-values in **bold** are interpreted as significant (*p* \< .05). ^†^*p* \< .100 (marginally significant).

    **Abbreviations:** EMM, estimated marginal means (net of dBA); SO, slow oscillation.

[^4]: **Notes:** Stage N3 sleep rebound is evident from N3% and minutes on the Sham condition night between the two different orders of condition presentation. N3 sleep was increased in Enhancing compared to Sham only when the Enhancing condition was presented two nights prior to the Disruptive condition. TST and efficiency were preserved across study conditions. The Disruptive condition effectively increased the rate of arousals (sleep disruption) in stages N2 and N3, and overall. ^a^Log-transformed values were used in analysis. *p*-values in **bold** are interpreted as significant (*p* \< .05). ^†^*p* \< .100 (marginally significant).

    **Abbreviations:** EMM, estimated marginal mean; N1, non-REM stage 1; N2, non-REM stage 2; N3, non-REM stage 3; REM, rapid eye movement; TST, total sleep time.

[^5]: **Notes:** Differences in performance on psychomotor vigilance testing (PVT) the day after study intervention nights (Disruptive or Enhancing) and Sham. All models include order (of condition presentation), condition\*order, time of task administration, and condition\*time. ^a^Analyzed using linear mixed model; includes RT ≥ 500 ms (lapses) but not RT \< 100 ms (false starts). ^b^Analyzed using generalized linear model with Poisson distribution. ^c^Reaction time ≥ 500 ms. ^d^Reaction time \< 100 ms. Differences in performance on psychomotor vigilance testing (PVT) the day after study intervention nights (Disruptive or Enhancing) and Sham. Analyses interpreted as statistically significant are indicated with *p*-values in **bold** (*p* \< .05).

    **Abbreviations:** RT, reaction time; SEM, standard error of the mean.

[^6]: **Notes:** Differences in subjectively assessed sleep on the day after study intervention nights and Sham. Omnibus effect of condition was significant for all outcomes except Residual Sleepiness (see [[Table S6](http://www.dovepress.com/get_supplementary_file.php?f=243204.pdf)]{.ul}), which was marginally significant (*p* = .069). No order or interaction effects were significant for subjective measures. ^a^As reported through survey the morning after awakening from a given condition. ^b^General linear model. ^c^Estimated marginal mean. ^d^Not including awakenings; participants were asked to report in hours and minutes, and data were converted to minutes. ^e^1, Extremely bad; 7, Extremely good. ^f^1, Not sleepy at all; 7, Extremely sleepy. ^g^1, Not refreshed at all; 7, Extremely refreshed. Analyses interpreted as statistically significant are indicated with *p*-values in **bold**.
